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&Y -~ THE FERMIFEL

The FERMI linac-based FEL at the Elettra Laboratory
(Trieste, IT) is an international user facility for scientific
investigations in material science.

The electron bunches are produced in a laser-driven
photo-injector and accelerated, with a 3-GHz, normal
conducting Linac, to energies up to 1.5 GeV,

X-band linac tunnel

The FERMI facility comprises two
W}M-.—A-—.-.—.— y_ =omp
|

Sseparate coherent radiation sources,
> L3 |_4 FEL-1 and FEL-2.
e FEL-1 operates in the wavelength
Spreacer \ PEREE range between 100 and 20 nm via a
%&&fﬁ:,} - single cascade harmonic generation,
e \ / \ while the FEL-2 is designed to operate
| 2™\ b s at shorter wavelengths (20-4 nm) via a
double cascade mechanism.
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q s THE FERMI LINAC (PRESENT)

The FERMI Linac is a S-Band (3 GHz), 1.5 GeV normal conducting, linear accelerator.

Y- TTILIYY

| | |
Gun LO LH L1 L2 L3 L4
Injector: Linac 1 & Linac 2 Linac 3 & Linac 4
O 1 S-Band, RF Gun O 8 S-Band, Forward TW Structures O 7 S-Band, Backward TW Structures
Q 2 S-Band, Forward TW structures O 1 X-Band, Linearizer O 1 S-Band, Forward TW structure

> Power Sources: 45 MW peak power, 4.5 us pulse width, Klystron
> Linac 1 & Linac 2:one klystron feeds two FTW accelerating structures
> Linac 3 & Linac 4:one klystron feed one BTW accelerating structure

5
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THE FERMI LINAC (PRESENT)
ACC. SECTIONS TYPE

CERN Sections

O Developed as injector of LEP Injector Linac (LIL) in 1984
O One 45 MW klystron feeds two 4,5 m CERN sections.

O Accelerating gradient is 12,6 MV/m.

S0Oa and SOb Sections

Q Came from the old Elettra injector.
O One 45 MW klystron feeds two 3,2 m S sections.

O Accelerating gradient is 15,0 MV/m.

BTW Sections

a Came from old Elettra injector

O Each BTW section is fed by 45 MW klystron followed by SLED.
O Limited to 18,0 MV/m at 50 Hz due to breakdowns

Arcing Issue

CERN sections SO0A-SOB BTW sections

Mode TW 211/3 TW 211/3 TW 211/3
Frequency (MHZ) 2998,01 2998,01 2998,01
Length (m) 45 3,2 6,15
Filling time (us) 15 0,903 0,757
Attenuation (Np) 0,7 0,603 0,611
Acc. Gradient (MV/m) 12,6 15,0 18,0
Energy gain (MeV) 56,7 48 120

In order to reach a beam energy of 2.0 GeV, all the BTW structures and the CERN sections will be pushed to higher gradient of 30 MV/m

CERTIFIED
MANAGEMENT SYSTEM
CERTIQUALITY
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q swome | THE FERMI UPGRADE PROPOSAL

TO EXTEND THE RANGE TO SHORTHER WAVELENGTH UP TO 2 nm

Actual Linac Energy E:> E>
1.5 GeV @ 10Hz

Solution
High Gradient 30MV/m

Target Linac Energy
2.0 GeV @ 50Hz

L L |
Gun  LO LH [T 2 L3 ‘ ! ‘

Replace 12 acc. sections + one
deflector with 10 HG modules

Energy budget of the upgraded linac i,’ i,’
o > ’

)

~
c‘-‘)‘e

W

Total Energy (MeV) = 2128 s
It means we can operate HG sections at 28 MV/m \

Total Energy (MeV) = 2xRI + 4xCERN + 20xHG

Total Energy (MeV) = 2x50MeV + 4x57Mev + 20x90MeV
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q swome | THE FERMI UPGRADE PROPOSAL

TO EXTEND THE RANGE TO SHORTHER WAVELENGTH UP TO 2 nm
Target Linac Energy

Actual Linac Energy
1.5 GeV @ 10Hz E:> 2.0 GeV @ 50Hz E>
K3 AAKZ A K5 K6 K7 KS 4 K9 K104 K 114K 1248 K 1348 K 1448 K 154K 16
I_. .‘ V. V_. V. -"‘ ( V. V. V. V. V.
. T Ol l X 4 l N W i

J_J_J_J_
|| l |

|
Gun LO LH L1 L2 L3 ‘ '

Solution
High Gradient 30MV/m

\

Replace 12 acc. sections + one
deflector with 10 HG modules

Energy budget of the upgraded linac
Total Energy (MeV) = 2xRI + 4xCERN + 20xHG
Total Energy (MeV) = 2x50MeV + 4x57Mev + 20x90MeV

Total Energy (MeV) = 2128

It means we can operate HG sections at 28 MV/m

16-20 Oct 2023 nuaman.shafgat@elettra.eu




Sincrotrone

q Citra THE FERMI FEL UPGRADE PLAN
rese BEAM ENERGY UPGRADE

O To reduce pulse duration to the sub-10 fs range to resolve charge transfer
processes, bond dynamics, vibrational dynamics

O To extend photon energy range to N (410 eV), O (543 eV) which translates to the
extension of operating of FERMI to ~2 nm.

Present

K6 K7 K8 K09 K10 K11 K12 K13 K14 K15
[olle] [Colle] |G N S N e SN | o] .
Energy (MeV) 550 Backward Travelling Wave Structures (BTWS) 1543 MeV @ 10 Hz
Sep. 2022
K6 K7 K8 K09 K10 K11 K12 K13 K14 K15 K16
[elle] Coll]l |mim I N D D N | | e
CERN Sections + Backward Travelling Wave Structures (BTWSs) HG | 1670 Mev @ 10 Hz
! ; Final Plan
K6 K7 K8 K09 K10 K11 K12 K13 K14 K15 K16
| ] () (DN () (N (N (N (N (N (N N N (Y ([ [ () |
High Gradient Structures (HG) 2000 MeV @ 50 Hz
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RF DESIGN

d
O The new accelerating module will be comprised of 3.0 m
long, constant gradient type structures. Double rounding
is introduced to reduce Ohmic losses and increase Q
O A customized version of dual-fed-electric coupled (EC)
coupler is chosen for the new high gradient (HG) structures
O Very low surface magnetic field
U Easy to machine
O Reduced cost of fabrication
Structure RF Parameters Coupler RF Parameters
L 2988.3 mm Input Coupler Output Coupler
Ncell 84 E rf
su 78 82
a 11.13 > 8.8 mm [MV/m]
H
Ren 72.07 —80.70  MQ/m [k;u/rrfn : 69 71
Qo 15850 S,
0,47 0,39
Filling Time 644.8 ns ['V'V‘I’(/mmzl
Attenuation 0.383 Neper [V/?ns] 1956 1319

SRR
COY

CERTIQUALITY

NEW ACCELERATING MODULE

i I
DD G b S o S S I D S Gy D b S S Sy b N> s
i

Houmax = 78 KA/M
Eeurma = 81 MV/m
cmax = 0.57 W/um?2
-

RF design was concluded in August 2019 10
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N. Shua;fwamébf‘;:@;%i Mitri, C. Serpico, and S. Nicastro, “Design study of high gradient, low impedance accelerating structures for the FRRMI free electron laser upgrade”, Nuclear Instruments and Methods in Physics Research A, vol. 867, pp. 78-87, 2017
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THE SHORT PROTOTYPE

Sincrotrone

L ow POWER MEASUREMENTS

U To prove the reliability and feasibility Structure RF Parameters
of the upgrade plan, a short prototype L 353.332 mm
was built in collaboration with Paul —Neetteguan !

Nceli(coupler) 2 Courtesy PSI

Scherrer Institute (PSI).

a 11.13 - 8.8 mm
O The prototype is realized using the 4161 — 41.60
same  structure technology as Ra 7114 »71.38  MQ/m
developed for SwissFEL Qo ~15850
. Filling Time ~50 ns
U The prototype is made by 7 regular J ]
= 81 — 85 Mvim |
cells & 2 EC-couplers. He E—— .

RF measurements and bead-pull test

adAj0101d OH Uoys

Courtesy PSI
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COMPLETE CONDITIONING HISTORY

q THE SHORT PROTOTYPE

Acc. Gradient PWR @ Ptype o\ oo End Date ' Of Pulses BDR During the Spring Shutdown (April 2018) the
(MV/m) (MW) (Million) (bpp) _ _ »
prototype was installed in FERMI Test Facility.
30 72 01-06-2018 07-11-2018 225 2.0%x10°8
35 98 30-01-2019 21-05-2019 229 7.3 x 1078
39 122 31-08-2019 19-12-2019 400 7.9 x 1078
, : ; 1000
40 3 10-5
530 éi o
= 5 5
;Cj G106 &
T 20 3 @
5 g
1o
,10-7
00 200 -400 600 800 1000 . 1200
Pulses [Millions]
ana :"L.E‘Y;Q’M
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THE FIRST HG MODULE
Low POWER MEASUREMENT

U Low power measurements of the HG
module were performed at PSI.

U Operating temperatures were

(0]
0 HG134.6°C
(0]
0 HG233.8°C
HG1 structure HG2 structure
0.2 T T T T T T T T T 0.2 T T T T T T T T T
iy o A 't O
015 1 015} i
T 3
- 5,
= 01r - T\Tm L i
0.06 [ H 005 ] 1
O 1 1 1 1 1 1 1 1 1 D 1 1 1 1 1 1 1 1 1
1000 2000 3000 4000 5000 6000 7000 8000 9000 1000 2000 3000 4000 5000 6000 7000 8000 9000
z[au] z[a.u]
0.04 200 0.04
=)
0,02 150 <0.02
A — [42)
0 w100 D
=] D @ 0
a 0 @ £
E £ 50 o
o
/ -0.02
ol -0.02 0 , :
0 2000 4000 6000 8000 10000 -0.02 0 0.02 0.04 0 2000 4000 6000 8000 10000 -0.04  -0.02 0 0.02 00
Position [a.u.] Real(S11) Position [a.u.] Real(S11)
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Low POWER MEASUREMENTS

q THE FIRST HG MODULE

HFSS HG1 HG2
Operating temperature 35°C 34.6 °C 33.8°C
S11 (dB) -38 -32 -33
S21 (dB) -3.44 -3.55 -3.37
S22 (dB) -35 -25.7 -25.3
0 T T T T T 7
—HG1
-10 \ —HG2
( \ ( HFSS
o -20 , ’ —
=
= .30 _
0
-40 —
-50 —
| | | |
298 2.985 2.99 3.005 3.01 3.015
D I I I I I | T T | P ———— T e ——
AR / —HG1 — HG1
10 m\‘w\;\;\“% A E— —HG2
o | {\/‘N‘r HFSS o 50T HFsS| |
L*] L*]
201 1 - \
o W ' B 1000 \
-30 “|| | 1 w
|
40 ' ' ' ! ' ' - -150 — : : : : : : : .
298 2985 299 2995 3 3005 301 3015 297 2975 298 2985 299 2995 3 3.005 3.01
Freq (GHz) Freq (GHz)
*)
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THE FIRST HG MODULE
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L ow POWER MEASUREMENTS

T
1 —
] AMadAphh
WL
0.8 — i i i i
i
06| I i
3 il
0.4 —
0.2 -
0 1 | 1
1000 2000 3000
1.02
3 3
2 [S—
-~ ~
N hg
48]
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
0 10 20 30 40 50 60 70 80 Cell # Cell #
011 Cell # ®m HG1 = HG2

3 5 7 911131517192123252729313335373941434547495153555759616365676971737577798183

o
o
=

Ez HFSS - Ez_Measured
o
o
[

waniimmnez (0,09
) Cell #
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CONDITIONING (HG1)
_From Kiystron |

q THE FIRST HG MODULE

| Power Splitter

Vacuum Pump

Water Load F

HG Structure

Farady Cup #1 . ‘
N
Water Load

N NP \

& r
Farady Cup #2

-8
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THE FIRST HG MODULE

Sincrotrone

CONDITIONING SETUP (HG1)

Phase | (conditioning) During the Spring Shutdown (April 2022) the HG structure was installed in

Rep. Rate: 50 Hz FERMI Test Facility.
Start Date: 28-04-2022

End Date: 17-05-2022
Level Achieved:
O Pulse Width:350 ns
O Power Level:72 MW
O # of pulses [million]: 80

oooo

Phase Il (conditioning)
Rep. Rate: 50 Hz
Start Date: 17-05-2022
End Date: 11-06-2022
Level Achieved:
O Pulse Width:700 ns
O Power Level:72 MW
O # of pulses [million]: 100

ooo0oo

Phase Il (constant power op.)
Rep. Rate: 50 Hz
Start Date: 11-06-2022
End Date: 25-07-2022
Operating level:
U Pulse Width:700 ns
O Power Level:75 MW
O  # of pulses [million]: 180

[ W Wy

M....EE:’LL.E‘%‘;;‘EM 17
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THE FIRST HG MODULE
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CONDITIONING (HG1)

Conditioning = O % o a
Conditioning Pulse
S Main HV RF Mode Cond LogThres Log Fault " 2a00- -34000
01 5T -30000
B onN PAUSE @ Autorecovery running, rf on: slow rat AETTT
02 03 Reached final voltage 15.19 kV 2Ly - 20000
= mm OFF ON 1800+ -15000
IE 2 1 : i -10000
. \ 1400~ -5000
06 07 PRESSUREmBar |ow high #  press recover t 3 -
- £ 1200- o
sip_ctf.09  [8.00e-08 (8.50e-08 |0 [3.30e-09|| o g
03 ug ) 1000 - »v“““\‘ --5000
s mm sip_ctf.01  [5.00e-08 [5.50e-08 [0 |l4.10e-00]| o | .
10 11 sip_ctf.02  [5.00e-08 5.50e-08 ]T 4.40e-09 | 0 . e
WS ip_ctf.07  [8.00e-08 [8.50e-08 (2 |l5.80e-09|| o . .
12 13 Mt 25000
M mm Sip_ctf.08  [5.00e-08 [5.50e-08 ]T 5.20e-00| 5 . —
--30000
14 15 sip_ctf.10 1.50e-08 2.00e-08 ’ﬁ 3.80e-09 | 20 ol | \ . L) : M | -
: gip_ctf.01  [5.25e-09 [5.50e-09 [7a|1.85e-00|| 25 ’ e e e - B e o
=
= gip_ctf.02  [9.95e-09 [1.00e-08 mla.ose-og | 25 1S
~
: < 4000ns 1
| Vacuum pressure in all CTF at full power |
CcaY 18
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THE FIRST HG STRUCTURE

Sincrotrone

ESTIMATED BDR (HG1)

3.5
3
w 2.5
=
3 2
S 1s
[N
o *e, cese®®®e
H 1 e e, oi°® ‘Be®°e," ..Il
0.5 | | I I I I I I I ) I i I I I ..I I ....|....|......‘.... .I.
0
11-Jun 14-Jun 17-Jun 20-Jun 23-Jun 26-Jun 29-Jun 2-Jul 5-Jul 8-Jul 11-Jul 14-Jul 17-Jul 20-Jul 23-Jul
11-06-2022 - 25-07-2022
1.7E-7
1.5E-7
1.3E-7
£ 1.1E7
o
o
=2
o« 8.7E-8
=)
o
6.7E-8
4.7E-8
11-Jun  14-Jun 17-Jun  20-Jun  23-Jun  26-Jun  29-Jun 2-Jul 5-Jul 8-Jul 11-Jul 14-Jul 17-Jul 20-Jul 23-Jul
11-06-2022 - 25-07-2022
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THE FIRST HG MODULE

Sincrotrone

VAcuuMm (HG1)

4e7
Vacuum at the input of HG1
Vacuum at the output of HG1
: : 22.5
2e” Klystron input high voltage
20
le”’
8e®
6e8 17.5
4e8
o - ’ — 15
—~ 78
_‘E 2e 125
: )
le® 2
¢, 10 T
§ 6e
>
7.5
4e?
5
2e”
2.5
le”
-10
8e 0
410 -2.5
2-May 9-May 16-May 23-May 30-May 6-Jun 13-Jun 20-Jun 27-Jun 4-Jul 11-Jul 18-Jul 25-Jul
28-04-2022 - 25-07-2022
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Main Power Splitter

HG1 Power Splitter

THE FIRST HG MODULE !
INSTALLATION IN THE FERMI TUNNEL®

Klystron Gallery

Klystron

| RFLoad EEEE

4 i

Linac Tunnel

l RF Load

HG1

BOC Pulse Compressor |
RF Load

Vi

[ Main Power Splitter

RF Load

- : g HG2
= B v B

RF Load

COY
e 16-20 Oct 2023

nuaman.shafgat@elettra.eu

ZZ



s

CERTIFIED
MANAGEMENT SYSTEM

ola) ¢
CERTIQUALITY 16_20 OCt 2023

UN EN 150 90012015
e s

Elettra
Sincrotrone
Trieste

640 mm

THE SPHERICAL PULSE COMPRESSOR
RF DESIGN

E Field [vim] H Field [Arm]
288556407 LIZITES:
26931E407 16144805

I 2 5007E=07 I 1.4891E405
2 30848407 138365405
2.416DE+07 126856405
1.8236E+07 i [

1.0378E405

173138407
9.2262E404
8.0721E404

1.5388E407
13465507
115426407

RF Parameters
fo 2.99801

Nominal Temperature 35 °C
Mode TM13
Q0 ~140000
Coupling Coefficient 7.240.1
E @ 45 MW 28.16 MV/m
H @ 45 MW 169.75 kA/m
BW ESPOWhOUTOWHPP15mm  ANSYS
0.00 3 urve Ini
2 - ua(s:::: »
Setup1 : Sweep)
-10.00 — dBsEA)
Setup1 : Sweep
-20.00
T -30.00
-40.00
-50.00
0.00 T T T T T T T
2.97000 2.97500 2.98000 2.98500 F’iis[osﬂ:z] 2.99500 3.00000 3.00500 3.01000 n uaman Shafqat@elettra eu

2.99801
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Before Tuning
Freq [ GHz]

Reflection [dB]
N} i
o o

w
o

-40

2,99 3,00 3,00 3,0

—— S11 [dB] —— S22 [dB] —— S12 [dB] —— S21 [dB]

-9,5

Low POWER MESUREMENTS

Measurement Setup

O Water Temperature: 33,4 C

Transmission [dB]

Q Coupling frequency: 2998,01 MHz

HFSS
Courtesy Ping Wang
Elettra Sincrotrone Trieste InpUt
Output
—~ 6 L
=3
o}
g
o 4r
()
=
©
©
o

0 1000 2000 3000 4000 5000 6000

t [ns]
After Tuning Fabricated
7 :
0 Freq [GHZ] Input
sy —— ] . 6f Output
2,990 2,995 3,000 3,005, ¢ The frequency difference of 15 KHz in the two .
) ol ; 5t
& -10 = - <
g 35 = | polarizations would reduce the PAF of SPC by 2% 5,
$ 20 ’ § g
8 55 & SPC (HFSS) SPC (Fabricated) % 3
[0 c i
@ -30 75 8 S11 (dB) -59 -47 @ 2]
S21(dB) -58 48 ] ]
-40 -9,5 S31 (dB) -3.01 -3.02 [ b
0 . ; .
——S11[dB] —— S22 [dB] —— S12 [dB] S21 [dB] S32 (dB)' '3:010 '3-0% 0 1000 2000 3000 4000 5000 6000
Phase Diff. 90.09 89.3 t [ns]
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CONDITIONING-HIGH POWER OPR.

Phase | (90 MW)
Rep. Rate: 50 Hz
Start Date: 06-12-2022
End Date: 21-12-2022
Output power: 90MW, 700 ns
Input power: 26 MW, 4000 ns
Operating temperature: 32.25 °C

I Iy Iy W W

THE SPHERICAL PULSE COMPRESSOR;

Phase Il (100 MW)
Rep. Rate: 50 Hz
Start Date: 23-03-2023
End Date: 31-03-2023
Output power: 100 MW, 700 ns
Input power: 29 MW, 4000 ns
Operating temperature: 31.47 °C

I Ny I Ry N

0.00001

0.000001

Y1 - mbar
~

25000 Output RF pulse pog
20000 150
El 100 ¥
%15000 2
E "y
éloooo 0 %
P
<
= =g 50 =
|
b—e 0 100
— B - 0 1 2 3 4 6 7 8
| “—ﬂ Time [us]
1 200
| Input RF pulse
150
=
100 2
&
50 9
@
03
-50
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THE SPHERICAL PULSE COMPRESSOI

VERSION 2.0

S11[dB]

207388407

H Field [Am] E Field [Vim]
Phase = Odeg 1.2826E405 222158407
11117E0S

19253207

102626405 177728007
8.4070E+04 16281E+07
8.5519E+04 148108407
7896TE-04 133296407

6.3415E:04 118485407
I 5.9863E+04 1.0367E407
13116404

2759E404

34200604
25655404
17104804
85529603
45002601

8.8860E+06

740505406
590405406
144308406
236208406
148108406
539748400

RF Parameters

fo 2.99801 GHz
Nominal Temperature 35 °C
Mode TM13
Qo0 ~140000
Coupling Coefficient 7.1+0.1
E @ 45 MW 29.79 MV/m
H @ 45 MW 130 kA/m
f [GHe]
0
2,995 2,996 2,997 , 2,998 /
-10 \‘.
\
-20
-30
-40 |
-50
-60
-70

——511 without top cylinder ==511 with top cylinder ——521 without top cylinder
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.L.
521[dB]
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Elettra

e CONCLUSIONS

Conditioning of 15t 3.0m HG structure

» First 3.0m HG structure is succesfully conidtioned at the cavity test facility of Elettra

up to an acc. gradient of 30 MV/m with the the BDR of 6 x 10™8 bpp/m.

Installation of HG structures at FERMI linac

* One HG module consisting of two HG structures is installed at the FERMI linac in

September 2022 and 2nd HG strcuture is under conditioning.

ml  S-Band Spherical Pulse Compressor

* The first prototype of S-band spherical pulse compressor has been successfully

conditioned up to 100 MW output RF power with the pulse length of 700 ns at the

cavity test facility of Elettra.

28
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STRUCTURE (3.0 METER)
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FERMI linac stations hot spare, has been upgraded to act also as a complete S-Band RF
Cavity Test Facility (CTF)
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FERMI CAVITY TEST FACILITY

FERMI linac stations hot spare, has been upgraded to act also as a complete S-Band RF

Cavity Test Facility (CTF)

TEST FACILITY @ ELETTRA

O Test of Standing Wave structures/RF
Guns to 25MW peak power.

O Test of Travelling Wave structures &
RF components up to 150 MW peak
power.

0 Hardware for breakdown diagnostic
IS subset of CERN breakdown
diagnostic

O National Instrument (NI) hardware is
integrated with FERMI LLRF for
breakdown rate measurements and
localization
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